During evolution the average chain length of polyisoprenoid glycosyl carrier lipids increased from C55 (prokaryotes) to C75 (yeast) to C95 (mammalian cells). In this study, the ability of the E. coli enzyme, undecaprenyl pyrophosphate synthase (UPPS), to complement the loss of the yeast cisisoprenyltransferase in the rer2Δ mutant was tested to determine if (55)dolichyl phosphate (Dol-P) could functionally substitute in the protein N-glycosylation pathway for (75)Dol-P, the normal isoprenologue synthesized in S. cerevisiae. First, expression of UPPS in the yeast mutant was found to complement the growth and the hypoglycosylation of carboxypeptidase Y defects suggesting that the (55)polyprenyl-P-P intermediate was converted to (55) Dol-P and that (55)Dol-P could effectively substitute for (75)Dol-P in the biosynthesis and function of Man-P-Dol, Glc-P-Dol and Glc 3 Man 9 GlcNAc 2 -P-P-Dol (mature DLO) in the protein N-glycosylation pathway and glycosylphosphatidylinositol anchor assembly. In support of this conclusion, mutant cells expressing UPPS (1) synthesized (55)Dol-P based on MS analysis, (2) utilized (55)Dol-P to form Man-P-(55)Dol in vitro and in vivo, and (3) synthesized N-linked glycoproteins at virtually normal rates as assessed by metabolic labeling with [ 3 H]mannose. In addition, an N-terminal GFP-tagged construct of UPPS was shown to localize to the endoplasmic reticulum of Chinese hamster ovary cells. Consistent with the synthesis of (55) 
Introduction
Polyisoprenoid glycosyl carrier lipids play key roles in the assembly of cell wall components in bacteria (Lennarz and Scher 1972; Bugg and Brandish 1994) and in protein N-glycosylation, O-and C-mannosylation of glycoproteins and glycosylphosphatidylinositol (GPI) anchors in yeast and mammalian cells (Schenk, Fernandez et al. 2001; Helenius and Aebi 2004) . Although the functional significance is not understood, it is well established that the chain length of the polyisoprenoid moieties of the glycosyl carrier lipids has been elongated during evolution (Schenk, Fernandez et al. 2001) . The chain length of the polyisoprenoid carrier lipids is determined by the specificity of a family of conserved cis-isoprenyltransferases (cis-IPTases) enzymatically elongating farnesyl pyrophosphate (F-P-P) in prokaryotes (C55) and eukaryotes (C90-100) (Schenk, Fernandez et al. 2001) . cDNAs encoding these enzymes in M. luteus (Shimizu et al. 1998 ), E. coli (Apfel et al. 1999) , S. cerevisiae (Sato et al. 1999; Sato et al. 2001; Schenk, Fernandez et al. 2001; Schenk, Rush et al. 2001) , Arabidopsis (Oh et al. 2000) , Homo sapiens (Endo et al. 2003; Shridas et al. 2003) and Giardia (Grabinska et al. 2010 ) have been cloned.
A key molecular distinction between the prokaryotic and eukaryotic carrier lipids is that the 2-3 double bond of the α-isoprene unit of the eukaryotic carrier lipid, dolichol, is reduced. In bacteria, undecaprenyl pyrophosphate (Und-P-P), the end-product of the undecaprenyl pyrophosphate synthase (UPPS) reaction sequence, must be cleaved to Und-P to be utilized for lipid intermediate synthesis (Goldman and Strominger 1972) . In eukaryotes, the current view is that the (95)polyprenyl pyrophosphate (Poly-P-P) product of the cisIPTase reactions is dephosphorylated by currently unknown phosphatases, and dolichol is formed when the α-isoprene unit is reduced by a microsomal reductase (Sagami et al. 1993) . Dolichol is then converted to dolichyl phosphate (Dol-P), the "activated" form of the carrier lipid, by dolichol kinase (Allen et al. 1978; Burton et al. 1979; Schenk, Fernandez et al. 2001; Fernandez et al. 2002) .
Although hydropathy plots of the human cis-IPTase (hCIT) do not predict any membrane-spanning α-helices, the enzyme is localized to the endoplasmic reticulum (ER) (Shridas et al. 2003) , raising the possibility that binding partners play a role in the ER association of the mammalian enzyme. Furthermore, the observations that the level of cis-IPTase activity is a ratecontrolling factor in Dol-P and lipid intermediate biosynthesis Konrad and Merz 1996) emphasize the importance of understanding how the cis-IPTase is regulated and the nature of its association with the ER.
In this study, when the ability of the bacterial uppS gene from E. coli to complement the rer2Δ mutant in S. cerevisiae was tested, the growth and hypoglycosylation defects in the yeast mutant were restored, indicating that (55)Dol-P could functionally substitute for the natural (75)Dol-P in the lipidmediated protein N-glycosylation pathway. In another related aspect of this investigation, when an N-terminal GFP-tagged construct of bacterial UPPS was expressed in Chinese hamster ovary (CHO) cells, the bacterial enzyme, containing conserved domains present in the mammalian cis-IPTase, was found to localize to the ER in a functional form. The functional significance of shorter chain Dol-Ps being utilized for lipid intermediate biosynthesis by eukaryotic enzymes, the failure of CHO cells to elongate the (55)Poly-P-P end-product formed by UPPS and the possibility that conserved sequences in the bacterial and mammalian cis-IPTases are involved in the recognition of the isoprenyltransferase by potential binding partners in the ER are discussed.
Results
Expression of E. coli uppS complements growth and protein N-glycosylation defects in the yeast mutant, rer2Δ
The uppS gene was expressed in the S. cerevisiae rer2Δ mutant to determine if the bacterial enzyme could correct the growth and hypoglycosylation defects. From the results illustrated in Figure 1 , it can be seen that expression of the bacterial cis-IPTase complements the defects in growth (panel A) and the hypoglycosylation of carboxypeptidase Y (CPY) (panel B). Transformation with the empty plasmid did not correct these defects. As shown previously, transformation with the hCIT and the RER2 gene restores normal N-glycosylation of CPY (Figure 1, panel B) . These results indicated that S. cerevisiae was capable of utilizing a C55-Poly-P-P for the synthesis of (55)Dol-P and that the shorter polyisoprenoid carrier lipid was utilized for the lipid intermediate pathway for protein N-glycosylation.
To extend the evidence that expression of UPPS restored protein N-glycosylation, cells expressing the bacterial enzyme were assayed by metabolic labeling with [ 3 H]mannose. The results in Table I show that the rate of incorporation of [ 3 H] mannose into yeast glycoproteins in the rer2Δ mutant is reduced by a factor of 10 relative to control wild-type cells. However, the rate of [ 3 H]mannose incorporation into the glycoprotein fraction of cells expressing UPPS was 62% relative to wild type cells and 82% of the rate calculated for mutant cells complemented with the RER2 gene (Table I) . Similar increases in [ 3 H]mannose incorporation into dolichol-linked oligosaccharides (DLOs) were also observed (data not included). Fig. 1 . Expression of E. coli UPPS in S. cerevisiae rer2Δ mutant complements defects in growth and protein N-glycosylation. (A) S. cerevisiae rer2Δ cells were transformed with the empty plasmid YEp352, UPPS, or RER2, under transcriptional regulation of the putative yeast RER2 promoter, plated onto YPD agar and cultured for 3 days at 30°C, as described in "Materials and methods". (B) Extracts from S. cerevisiae cells were separated by SDS-PAGE (8% acrylamide) and analyzed by Western blot with anti-CPY antibody (Zufferey et al. 1995) YEp352) . To determine whether the additional cis-IPTase activity is directing the synthesis of a C55 isoprenol, the enzymatic products of the cis-IPTase activities were dephosphorylated and analyzed by thin layer chromatography (TLC) on Baker Si-C 18 reverse-phase silica plates as shown in Figure 2 . Very low levels of polyprenols were synthesized in membrane fractions from rer2Δ mutant cells ( Biosynthesis of Man-P-(55)Dol by microsomes from rer2Δ mutant cells transformed with bacterial UPPS To determine if rer2Δ mutant cells transformed with UPPS, produced Dol-P and if it was utilized as substrate by Man-PDol synthase (MPDS), microsomes were isolated and assayed for MPDS activity. From Table III , it can be seen that the initial rate of Man-P-Dol synthesis in microsomes from rer2Δ mutant cells is substantially reduced when compared to rer2Δ cells expressing the yeast RER2 gene. Transformation with UPPS increased the initial rate of Man-P-Dol synthesis in microsomes when dependent on endogenous Dol-P to slightly less than 50% of the rate in mutant cells transformed with the natural cis-IPTase. When MPDS was assayed in the presence of saturating levels of exogenous Dol-P, comparable levels of MPDS activity were observed for all strains, indicating that the different rates were due to a deficiency of Dol-P rather than MPDS protein.
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To investigate whether mutant cells transformed with UPPS synthesized (55)Dol-P or the natural substrate, (75)Dol-P, the mannolipid products synthesized in vitro were examined by TLC. The analysis illustrated in Figure 3 shows that micro- Mobility ( ]Poly-P-P products of the cis-IPTase assays described in Table  II somes from the rer2Δ and mutant cells transformed with the empty plasmid synthesized virtually no Man-P-Dol (panels A and B). However, cells transformed with UPPS synthesized a mannolipid product that comigrated with the Man-P-(55)Dol standard (panel C). As expected when mutant cells were transformed with RER2, Man-P-(75)Dol was synthesized by microsomal fractions (panel D).
To demonstrate directly that rer2Δ mutant cells expressing E. coli UPPS are forming Dol(55)-P, membrane fractions from the pertinent yeast strains were analyzed by LC-MS. From Figure 4 , it can be seen that the only prominent high molecular weight ion eluting in the chromatographic region containing the polyisoprenyl phosphates is m/z = 847.68, corresponding to the molecular ion for Dol (55) − (data not shown). Similar analyses from membrane fractions derived from rer2Δ mutant cells or mutant cells transformed with the empty plasmid revealed only molecular ions indicative of very small amounts of Dol-Ps in the (100-110)Dol-P range, presumably due to derepression of endogenous SRT1 activity (Sato et al. 2001; Schenk, Rush et al. 2001 ). However, these low levels were not sufficient to complement the growth and hypoglycosylation defects.
Localization of functional GFP-UPPS in the ER of CHO cells
A GFP-tagged construct of E. coli UPPS was also expressed in CHO cells to see if the bacterial protein, containing domains conserved in the hCIT, would localize to the ER in a functional form. From Figure 5 (left panel), it can be seen that when the GFP-tagged UPPS was transfected into CHO cells and detected by immunofluorescence, a reticular pattern characteristic of an ER/nuclear envelope localization was observed. Consistent with an ER localization, this pattern overlapped with the ER marker calnexin (middle and right panels).
Biosynthesis of Man-P-Dol(55) in microsomes of CHO cells transfected with UPPS
Two enzymological approaches were taken to establish that the bacterial cis-IPTase was associated with the CHO ER in a functional form. First, when microsomal fractions from CHO cells expressing UPPS were assayed for cis-IPTase activity, there was an approximately 20-fold increase in activity relative to microsomal fractions from CHO-K1 cells (Table IV) . When the enzymatic products formed by microsomes from CHO-K1 cells were analyzed after strong alkali treatment, as expected (95)Poly-P was the major product. In contrast to this result, when the products formed by microsomes from transfected cells were similarly characterized, Poly-Ps ranging in size from 6 to 11 isoprene units were the major products. Very low levels of (95)Poly-P, if any, were detected. This result suggests that the GFP-tagged UPPS may have displaced a large number of the endogenous cis-IPTases from the ER. It is also plausible that the endogenous cis-IPTase activity is extremely low due to competing for the common substrate, F-P-P, with a relatively high level of UPPS expressed in the transfectants.
Further evidence for the synthesis of (55)Dol-P by the transfected cells was obtained by showing that Man-P-(55)Dol and Man-P-(95)Dol were formed by microsomes in the MPDS reactions, dependent on endogenous Dol-P (Table V). Only [ 3 H] Man-P-(95)Dol was formed by microsomes from untransfected CHO-K1 cells. The presence of a saturated α-isoprene unit in the Man-P-(55/95)Dol products was confirmed by demonstrating that the [ 3 H]mannolipids were stable to treatment with 50% phenol at 68°C for 1 h as expected for Man-P-Dols (Parodi and Quesada-Allue 1982) (Table VI) . Under these conditions, > 80% of a Man-P-undecaprenol standard was hydrolyzed. 
Discussion
Evolutionary changes in the cis-IPTases catalyzing chain elongation and the corresponding length of polyisoprenoid glycosyl carrier lipids are now well established. To address the question of whether the relatively shorter, C55-carrier lipid in prokaryotic cells, could functionally substitute in S. cerevisiae for the longer chain C75-dolichols, the ability of the E. coli UPPS to complement defects in the yeast rer2Δ mutant was investigated. The results presented in this paper demonstrate that the expression of the bacterial UPPS corrected the defects in growth, protein N-glycosylation, and presumably GPI anchor assembly. In a recent related study, Grabinska et al. (2010) have shown that the cis-IPTase from the protist Giardia lamblia, which synthesizes (55/60)polyprenols, is also capable of complementing the defects in growth, protein N-glycosylation and GPI anchor assembly in the rer2Δ mutant.
Several experimental approaches in this study establish that (55)Dol-P could effectively substitute for the natural (75) Fig. 4 . Mass spectrum of (55)Dol-P isolated from microsomes of rer2Δ cells expressing UPPS. Microsomes (1 mg membrane protein) from rer2Δ cells expressing UPPS were incubated in 1 mL of 40% CH 3 OH containing 3 N KOH at 100°C for 1 h. Following incubation, the reaction mixtures were neutralized with acetic acid and diluted with CHCl 3 and CH 3 OH to a final ratio of CHCl 3 /CH 3 OH/H 2 O (3:2:1) and partitioned. The aqueous phase was discarded, and the organic phase was washed two times with 1/3 vol of CHCl 3 /CH 3 OH/0.9% NaCl (3:48:47). The washed organic phase was dried, dissolved in mobile phase A, and analyzed by negative ion LC-MS as described in "Materials and methods". M/Z = 847.684, corresponding to the molecular ion of (55)Dol-P after loss of a proton [M-1], was the only molecular ion attributable to a polyprenyl phosphate detected in the sample.
GFP-UPPS
Calnexin Merge Fig. 5 . ER localization of GFP-UPPS expressed in CHO cells by immunofluorescence. CHO cells expressing E. coli UPPS with an N-terminal GFP tag (left, green) were viewed, with and without treatment with rabbit anticalnexin antibody, followed by Texas Red conjugated antirabbit antibody (center, red), with a Nikon Eclipse E600 microscope, as described in "Materials and methods". The overlap image (right, merge) indicates colocalization of GFP-UPPS with calnexin. Microsomal fractions were prepared from CHO-K1 and CHO/UPPS cells and assayed for cis-IPTase activity as described in "Materials and methods". The data are average values of duplicate analyses and are representative of three separate experiments.
Functional expression of UPPS in yeast and CHO cells
for the synthesis of Man-P-(55)Dol and the mature DLO. The identification of (55)Dol-P was confirmed by mass spectrometry, and the formation of Man-P-(55)Dol is based on chemical and chromatographic criteria. An interesting enzymological implication from these results is that the end-product, Und-P-P, of the bacterial cis-IPTase reaction sequence is further processed by the putative phosphatases and reductase that convert the natural (75)Poly-P-P to (75)Dol-P in yeast. There is also evidence that there is a relaxed specificity for the chain length of the polyprenyl pyrophosphate intermediates since the C19-22 intermediates formed by the alternative cis-IPTase, SRT1, are converted to (95-110)Dol-Ps (Sato et al. 2001; Schenk, Rush et al. 2001 ). Induction of SRT1 evidently plays no role in the complementation of the rer2Δ mutant in our studies since no (95-110)Dol-Ps were observed when the mutant was transformed with UPPS. Sato et al. (2001) have previously shown that SRT1 is localized in lipid bodies and induced in the stationary phase. The precise function of the C95-110 dolichols and Dol-Ps remains to be established. In another aspect of this study, it has been shown that the bacterial UPPS localizes to the ER when transfected into CHO cells in a functional form and is not directed there as unfolded polypeptides. The evidence that UPPS is functional is based on the finding that cis-IPTase activity was elevated in the transfectants relative to control cells and MPDS in microsomes from the transfected cells produced Man-P-(55)Dol. The formation of (55)Dol-P in the cells transfected with UPPS indicates that the Und-P-P is processed by the phosphatases/reductase proposed to convert Poly-P-P to Dol-P. It is possible that the end-product of the chain-elongation stage, in this case (55) Poly-P-P, is "channeled" directly to the putative phosphatase/ reductase and then the cytidine triphosphate-mediated kinase to complete Dol-P synthesis, and that the fully unsaturated intermediate cannot diffuse to the active site of the endogenous cis-IPTase to be further elongated.
All of these results raise the intriguing question of why the chain length of polyisoprenoid glycosyl carrier lipids has been elongated from bacterial (C55) to eurkaryotic cells (C75-95) during evolution. Although the width of the bilayer in bacterial cytoplasmic membranes is apparently not substantially larger than the ER in yeast and mammalian cells, it is possible that some biophysical aspects of the eukaryotic ER require longer chains in order for the lipid-linked "activated" glycosyl units to traverse the hydrophobic core of the respective bilayers.
The observation that bacterial UPPS is localized to the ER in CHO cells is also very interesting in view of the fact that the hCIT is localized in the ER even though hydropathy plots do not predict the presence of any membrane-spanning α-helices. Thus, these results suggest that domains in the mammalian cis-IPTases conserved from the bacterial enzymes are involved in the recognition of the mammalian enzymes by potential binding partners in the ER. This proposal is supported by the observation that the GFP-tagged UPPS apparently displaces a large amount of the functional endogenous cis-IPTase from the ER when transfected into CHO-K1 cells. Studies are now in progress to identify potential binding partners and to define the conserved domains recognized by the ER binding partners. 
Materials and methods

Materials
MO). GDP-[
3 H]mannose was prepared enzymatically as described previously (Rush et al. 1993) . YEp352 (yeast shuttle vector), strain YG932 (yeast rer2Δ mutant), and the cDNA for yeast RER2 were gifts from Drs. M. Aebi (ETH, Zurich, Switzerland) and F. Fernandez (GlycoVaxyn, Schlieren, Switzerland) . Vector PEX-T21 containing the E. coli uppS sequence was a generous gift from Steffi Balada (GlycoVaxyn, Schlieren, Switzerland). Anti-CPY antiserum was purchased from Molecular Probes (Invitrogen, Eugene, OR). Undecaprenol and purified individual isoprenologues of (55)Dol, (75)Dol, and (95)Dol were obtained from Warzawa (Warsaw, Poland) and phosphorylated chemically as described by Danilov et al. (1989) and Danilov and Chojnacki (1981) . ]Man-P-(95)Dol were prepared enzymatically using partially purified Man-P-Und synthase from M. luteus and purified as described previously (Rush et al. 1993 ).
Molecular cloning of cis-IPTases, construction of YEp352 shuttle vectors and expression in S. cerevisiae
The coding sequence of the E. coli uppS gene was amplified by polymerase chain reaction (PCR) using the two primers (forward) 5′-TTCCCGGG ATGTTGTCTGCTACTCAACCAC-3′ and (reverse) 5′-TTCAAGCTTCAA TGATGATGATGAT-GATGGGCTGTTTCATCACCGGC-3′ with Xma1 and HindIII restriction sites (underlined) and E. coli genomic DNA as template. The reverse primer is designed to introduce Man-P-(55/95)Dol described in "Materials and methods". The two mannolipids were resolved as in Figure 3 . The data are average values of duplicate analyses and are representative of at least two separate experiments. n. d., not detected. H]Mannose-labeled mannolipid products were prepared from microsomal fractions from either CHO-K1 or CHO/UPPS cells and incubated at 68°C in 50% phenol as described by Parodi and Quesada-Allue (1982) . The data are average values of duplicate analyses.
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a His 6 -tag at the carboxy terminus of the protein. The PCR product was digested with Xma1 and HindIII and ligated into similarly prepared YEp352, containing the putative yeast RER2 promoter (the 250 bp region immediately upstream of the yeast RER2 gene) described previously (Shridas et al. 2003) . The structure of the resulting plasmid with E. coli uppS downstream of the putative yeast promoter sequence was verified by sequence analysis (Eurofins MWG Biotech, info@Eurofins. com). Yeast strains were transformed as described by Schiestl and Gietz (1989) and transformants were identified by uracil selection.
Preparation of pEGFP-C1:UPPS
The DNA sequence encoding the E. coli UPPS gene was amplified by PCR using primers (forward) 5′-TTGAATTC-GATGTTGTCTGCTACTCAACCA-3′ and (reverse) 5′-TTGTCGACTAGGCTGTTTCATCACCGGGC-3′ containing EcoR1 and SalI restriction sites (underlined). Following digestion with the appropriate restriction enzymes, the insert was purified and ligated into similarly digested pEGFP-C1 to produce an expression plasmid encoding the bacterial cis-IPTase, UPPS, containing an N-terminal GFP tag. The structure and sequence of the expected plasmid were verified by direct sequencing by Davis Sequencing (Davis, CA).
Yeast culture and preparation of yeast microsomes Yeast strains SS328 (MATα ade2-101 ura3-52 his3Δ200 lys2-801) and YG932 (rer2Δ mutant) (MATα rer2Δ::kanMX4 ade2-101 ura3-52 his3Δ200 lys2-801) were obtained from Dr. M. Aebi (ETH, Zurich, Switzerland). The strains were cultured at 30°C in 1% yeast extract (Becton, Dickinson and Co., Sparks, MD), 2% Bacto-Peptone (Becton, Dickinson and Co., Sparks, MD), and 2% glucose (yeast peptone dextrose, YPD). Yeast strains transformed with YEp352 (Hill et al. 1986 ) and its derivatives were grown in 0.67% yeast nitrogen base, 50 mM sodium succinate pH 5.0, 2% glucose and all necessary auxotrophic requirements, except for uracil.
Yeast microsomes were prepared from logarithmically growing cell cultures by homogenization (tight-fitting Dounce homogenizer) following Lyticase (Sigma-Aldrich, St. Louis, MO) treatment as described previously .
CHO cell culture, transfection with pEGFP-C1/uppS and preparation of crude microsomal fractions CHO cells were maintained at 37°C in 5% CO 2 in DMEM/F-12 50/50 with glutamine and 15 mM HEPES (Mediatech, Manassas, VA), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin. CHO cells were transfected at 95% confluence using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. Twenty-four hours following transfection, cell monolayers were scraped into 0.01 M Tris-HCl, pH 7.4, 0.25 M sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA) (buffer A) and homogenized with 20 passes with a tight-fitting Dounce homogenizer. The homogenates were centrifuged at 1000 × g, 10 min to remove unbroken cells and debris. Crude microsomes were collected by sedimentation at 100,000 × g, 10 min in a TL-100A tabletop ultracentrifuge and resuspended in buffer A.
Detection of UPPS in CHO cells by immunofluorescence
To localize GFP-tagged UPPS by immunofluorescence, CHO cells were grown on 12-mm coverslips to 30-45% confluence and transfected with pEGFP-C1/UPPS, as described above. After 24 h in culture, the coverslips were washed in PBS and fixed with cold (− 60°C) methanol for 6 min, followed by blocking with 5% FBS in Tris-buffered saline for 20 min at room temperature. The fixed coverslips were incubated with rabbit anticalnexin antibody (0.050 mL of 1:100 diluted) for 1 h and washed 3 × with blocking solution. After washing, the coverslips were probed with secondary antibody (TexasRed conjugated sheep antirabbit IgG, Amersham) for 1 h and washed 3× with blocking solution followed by PBS. Coverslips were mounted on glass slides with Vectashield mounting solution (Vector Laboratories, Burlingame, CA). The slides were viewed with a Nikon Eclipse E600 microscope. (Waechter et al. 1976) . Where indicated, Dol-P (100 μM) was added as a dispersion in 1% CHAPS, with a final CHAPS concentration of 0.1%.
In vitro assays of MPDS activity
Metabolic labeling of S. cerevisiae
Cell cultures were labeled metabolically by incubation with [ 3 H]mannose (5 μCi/mL) at a cell density of 200 OD 600 units/mL in ura selection medium containing 0.1% glucose and 25 mg/mL uracil. Following incubation for 15 min at 30°C, the cell cultures were quickly chilled by the addition of crushed ice (0.5gm/mL). The cells were recovered by centrifugation (1000 × g, 10 min), resuspended in 5 mL ice-cold PBS, and sedimented again. Incorporation of [ 3 H]mannose into [ 3 H-Man]glycoprotein was determined as described previously (Waechter et al. 1983 ).
Assays for cis-IPTase activity in yeast and CHO microsomal fractions Reaction mixtures for the assay of yeast cis-IPTase contained 25 mM HEPES-NaOH, pH 8.5, 5 mM MgCl 2 , 0.5 mM sodium orthovanadate, 0.1 mM F-P-P, microsomes (0.1-0.5 mg membrane protein), and 20 μM [ 14 C]I-P-P (121 dpm/pmol) in a total volume of 0.05 mL. Following incubation for 15 min at 30°C, the reactions were terminated by the addition of 20 vols CHCl 3 / CH 3 OH (2:1). The enzymatic synthesis of labeled polyprenyl-P-P products was assayed basically as described previously (Shridas et al. 2003) .
Reaction mixtures assaying cis-IPTase activity in CHO microsomes contained crude microsomes (30-40 μg protein), 25 mM Tris-HCl (pH 8.5), 5 mM MgCl 2 , 1.25 mM DTT, 2.5 mM sodium orthovanadate, 10 μM squalestatin, 100 μM F-P-P, 0.35% Triton X-100, and 45 μM [1-
14 C]I-P-P (55 mCi/mmol) in a total volume of 0.050 mL. After incuba-tion at 37°C for 1 h, the reaction was terminated by the addition of 1 mL CHCl 3 /CH 3 OH (2:1). The enzymatic synthesis of labeled polyprenyl-P-P products was then assayed basically as described previously (Crick et al. 1991) .
Characterization of products formed by cis-IPtase activities in microsomal fractions from yeast and CHO cells To determine the chain length of the products formed in the yeast cis-IPTase reactions in vitro, the [ 14 C]-labeled enzymatic products were dispersed by brief sonication (Kontes Micro Ultrasonic Cell Disruptor at 40% full power) in 1% Triton X-100 and dephosphorylated by overnight incubation (37°C) with calf brain microsomes (0.2 mg, in 50 mM Tris-Cl, pH 7.4, 2.5 mM EDTA, 0.5% Triton X-100 in a total volume of 0.1 mL). Following incubation, the [ 14 C]-labeled products were recovered by organic extraction and Folch partition. The organic phase was dried under nitrogen, redissolved in hexane and chromatographed on a 1 gm column of Bio-Sil HA (Bio-Rad Laboratories, Richmond, CA) equilibrated in hexane. The Bio-Sil HA column was washed with 5 column volumes of hexane and then eluted with 1 mL portions of hexane/diethyl ether (9:1). The dephosphorylated [
14 C]polyprenols eluting in fractions 2-4 were pooled, dried under nitrogen, redissolved in a small volume of hexane, and resolved by chromatography on Baker Si-C 18 TLC plates in acetone/water (98:2). The [
14 C]-polyprenols were detected by radiochromatoscanning with a Bioscan AR2000 Imaging Scanner (Bioscan, Washington, DC). The zones corresponding to polyprenol standards (obtained from Warszawa, Warsaw, Poland) were located by exposure to iodine vapors.
To determine the chain length of the products formed in the cis-IPTase reactions with CHO microsomes in vitro, the [ 14 C] Poly-P-P products were converted to Poly-P by strong alkaline hydrolysis (70% methanol containing 3.6 M KOH, 2 h, 100°C). Following alkaline hydrolysis, the reactions were diluted with CHCl 3 and H 2 O and partitioned, as described previously (Crick et al. 1991) , and analyzed by TLC on Silica gel G TLC plates in CHCl 3 /CH 3 OH/H 2 O (75:25:4). The [ 14 C]Poly-Ps and Poly-P standards were detected as described above.
Analysis of yeast cells and microsomal fractions for dolichol and Dol-P by NP-LC/MS methods Normal phase LC-ESI/MS of lipids was performed using an Agilent 1200 Quaternary LC system coupled to a QSTAR XL quadrupole time-of-flight tandem mass spectrometer (Applied Biosystems, Foster City, CA). An Ascentis ® Si HPLC column (5 μm, 25 cm × 2.1 mm) was used. Mobile phase A consisted of chloroform/methanol/aqueous ammonium hydroxide (800:195:5, v/v/v) . Mobile phase B consisted of chloroform/ methanol/water/ aqueous ammonium hydroxide (60:34:5:0.5, v/v/v/v) . Mobile phase C consisted of chloroform/methanol/ water/aqueous ammonium hydroxide (45:45:9.5:0.5, v/v/v/v) . The elution program consisted of the following: 100% mobile phase A was held isocratically for 2 min and then linearly increased to 100% mobile phase B over 14 min and held at 100% B for 11 min. The LC gradient was then changed to 100% mobile phase C over 3 min and held at 100% C for 3 min, and finally returned to 100% A over 0.5 min and held at 100% A for 5 min. The total LC flow rate was 300 μL/min. The postcolumn splitter diverted~10% of the LC flow to the ESI source of the Q-Star XL mass spectrometer, with MS settings as follows: IS = −4500 V, CUR = 20 psi, GS1 = 20 psi, DP = −55 V, and FP = −150 V. Nitrogen was used as the collision gas for MS/MS experiments. Data acquisition and analysis were performed using the instrument's Analyst QS software.
Analytical procedures
Protein concentrations were determined using the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL) following precipitation of membrane proteins with deoxycholate and trichloroacetic acid according to the Pierce Biotechnology bulletin, "Eliminate interfering substances from samples for BCA protein assay." Samples were analyzed for radioactivity by scintillation spectrometry in a Packard Tri-Carb 2100TR liquid scintillation spectrometer following the addition of 0.5 mL 1% SDS and 4 mL Econosafe Economical Biodegradable Counting Cocktail (Research Products International, Corp., Mount Prospect, IL).
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